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IABORITCRT  STTOIZ3  OF  GRAVITY  7ZAV33 
G335RAI3D  BY  THL  yCK28HT  0?  A S0B1BRC3D  BODY 

by 

R.  Xm  'SLsgsl 

■kbatraot 

In  order  to  gain  some  insight  into  tha  phenomenon  of  gravity  waves 
generated  by  underwater  seismic  distaibanooo,  tha  Tsunami,  & laooratory  study 
was  mada  of  tha  waves  resulting  ftra  an  idealised  two  dimensional  nodal  of  tha 
movamont  of  a submerged  body.  Bodies  of  sex-oral  shapes,  sixes  and  weights 
wars  allowed  to  drop  vertically  or  fco  slide  down  inclines  of  several  angle  a,  in 
wter  of  various  depths,  from  several  heights  above  the  bottca,  but  alwayrUelaw 
the  water  surface.  The  surface  time  histories  were  reeortTfedT  at  a point  close 
to  the  origin  of  tha  disturbance,  sad.  at  a point  or  po?  distanoa  froa 

tha  origin.  In  addition,  motion  picture*  were  taken  of  several  of  the  taets* 

It  waa  found  that  a crest  always  forms d first,  followed  by  a trough  from  one  to 
throe  times  the  amplitude  of  the  first  crest  (depending  primarily  upon  the  elope 
of  tl'.a  incline),  followed  by  a crest  with  about  the  same  amplitude  as  the  trough. 

Due  to  the  dispersive  qualities  of  the  waves,  additional  oreets  and  tvor.gha  con- 
tinued to  f crm  with  increasing  distance  from  the  origin.  The  magnitude  of  the  am- 
plitude .»  depended  primarily  upon  tha  submerged  weight  of  the  body,  but  also  upon  the 
depth  of  submergence,  tha  water  depth,  and  other  oharaoteristioa  of  the  generation. 
Yfithtn  tlio  iamits  of  experimental  aonditions,  it  was  found  that  the  time  intervals 
bo  tween  the  first  and  seoond  crest*  remained  cons  tent  regardless  of  the  water 
depth,  the  distance  of  fall,  the  weight  of  the  body  or  the  time  of  the  fall.  It 
was,  however,  found  to  be  related  to  the  length  of  tha  body,  mltb  the  period 
increasing  with  increasing  length,  aad  to  the  slope  of  the  inoline,  with  the 
smaller  the  inoline  the  greater  the  period. 


Introduction. 

—H—O—  — W— «»  J» 

The  TsaoaeL  whioh  caused  so  much  damage  to  the  Hawaiian  Islands  and  to 
many  locations  miang  the  Paoifio  Coart  of  North  America  on  1 April  1948  vac 
caused  tjr  a mnrnm nfc  of  the  isa  bottom  on  the  northern  slops  of  the  Aleutian 
Trough,  south  of  Orlaak  Island,  Alaska  (8H3PARD,  P.P.,  UsoDOHALD,  GJL.  and 
COX,  B.C.  - 1399).  The  sererity  of  the  damage  created  considerable  interest 
in  the  general  phenomenon.  A review  of  the  literature  indicated  that  Many  studies 
had  been  wads  at  earfcain  of  the  characteristics  of  actual  Tsunamis,  and  that 
theoretical  stadia*  had  boon  made  of  the  Cauohy-Poisson  era-re  phenossenoa  (see 
UlKXIe  8.,  and  1S1AX0,  X 1953,  for  example),  but  that  no  laboratory  studies 
had  been  mad*  at  1 3m  relationship  between,  say,  an  underwater  landslide  and  the 
resulting  gravity  eater  wares. 

A series  at  experiments  wan  undertaken  in  1946  by  SAH2R,  F.M.  end  UBGPL, 
R.L.  (1946)  to  study  the  cnaraoteristios  of  the  wares  generated  by  a submerged 
body  sliding  dona  a 111  slope  in  a channel  three  feet  deep  by  one  foot  wide 
by  sixty  feet  long.  Exploratory  work,  just  prior  to  the  first  series  of  tests, 
consisted  of  piling  coarse  gravel  as  steeply  as  possible  on  top  of  a piece  of 
sheet  natal  si  ana  end  of  the  ohannel,  then  pulling  the  sheet  from  under  the  pile 
to  destroy  its  equilibrium  and  oause  a slide.  However,  a true  slide  did  not  re- 
sult, but  rather  a slump  occurred  in  the  center  of  the  pile.  The  next  attempt 
consisted  of  plswlng  a rertioal  gate  in  the  ohannel,  piling  sand  behind  it,  then 
pulling  i Am  gata  vertically  out  of  the  water;  however,  the  removal  of  the  gate 
generated  wa mm  at  the  saae  order  :f  magnitude  as  those  produo  ad  by  the  slumping 
sand.  As  a reseat  of  these  tests  it  was  decided  to  use  a box  sliding  deem  an 
lno line  as  a asms  landslide. 

Reoosctly  these  tests  have  been  extended  to  inolude  a study  of  a sub* 
merged  body  falling  vertically  through  mates-  of  several  depth*  and  from  several 
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Initial  elevations  Tor  each  dspth,  with  the  ©ffeot  of  weight  and  body  movement 
included.  In  addition,  a series  of  experiments  was  performed  to  ctudy  the  effeot 
of  different  slopes  down  which  the  body  slid. 

Experimental  Frooedure. 

Uost  of  the  experimental  work  was  performed  in  a glass-walled  ware  channel 
three  feet  deep  by  one  foot  elds  by  sixty  feet  long  in  the  Fluid  Heohaaioe  Lab- 
oratory of  the  ^diversity  of  California,  Berkeley  (see  Figure  la'. 

The  first  set  of  i 'psriaent*  (Series  I)  consisted  of  generating  waves 
by  allowing  a submerged  woodm  box  to  s^ide  freely  down  an  inolins  with  o ltl 
slope  (Figure  lb).  The  box  was  triangular  in  arose  seotinn  (12"  x 12")  and  ex- 
tended across  the  width  of  the  channel.  Six  different  weights  at  each  of  three 
initial  elevations  were  investigated  (Table  Hi).  Tso  Stevens  Save  Recorders 
were  used  to  record  the  waves.  Previous  tests  with  these  recorders  indicated 
that  under  laboratory  conditions  these  recorders  would  determine  wave  height  with 
a probable  error  of  plus  or  minus  12  percent  (HJdhH,  JJi.t  and  ARTHUR,  R.S. 
1948).  One  was  located  8 fast  (Station  A),  and  the  second  25^  fast  (Station  B) 
from  the  intersection  of  the  water  surface  and  the  ino lined  board  down  which  tho 
box  slid.  The  far  end  of  the  channel  was  equipped  with  an  inclined  beach  to 
minimise  reflection}  even  so,  some  reflection  occurred  and  was  apparent  after 
the  second  wave  orest.  The  water  depth  was  maintained  at  2.5  feet. 

A second  set  of  experiments  (Series  II)  consisted  of  four  pertss 
1.  A submerged  rectangular  box  0.6  foot  deep  by  0.6  foot  long,  extending  the 
width  of  the  channel,  was  allowed  to  fall  freely  in  a vertical  direction  in 
water  of  several  depths  (1.50  feet.  1.92  feet,  and  2.66  feet)  and  trm  two  or  mcr 
submerge  nee  a for  eaoh  water  depth.  Seven  different  box  weight  a (from  1-3/8  to 
28  pounds,  net,  submerged)  at  each  depth  and  submar  gene©  were  used.  Two  paral- 
lel wire  resistance  elements  wers  used  to  measure  the  waves.  The  first 


(Station  1)  was  looatad  at  & distanoe  of  1.09  fset  and  th*  second  (Station 
4.82  feet  froa  the  leading  edge  of  th*  submerged  body.  A sloping  beach  m 3»- 
oat*d  at  on*  end  of  th*  ohannel  to  absorb  th*  vartt,  but  tho  mwi  war*  reQaerted 
froa*  th*  opposite  end.  However,  th*  reflected  waves  arrived  after  th* 
disturbance  had  completely  passed  th*  recording  elements,  and  thus  war*  of  no 
oonsequenos.  Th*  oonditiona  are  showr.  in  Figure  lo  and  are  presented  in  Wa  I. 

2.  A series  of  submerged  rectangular  boxes  0.8  foot  deep  by  1.0  foot,  2JQ  fact, 

***► 

and  8.0  feet  in  length,  extending  \h»  width  of  th*  ohannel,  wars  allow**  ta  fall 
freely  in  a vertical  direction  In  water  about  one  and  a half  feet  deep  (mem 
Figure  6).  The  initial  position  of  the  box  in  all  oases  wae  such  that  th*  was 

barely  under  the  water  surfaoe,  that  la,  at  xero  eufcmergenoe.  The  nwfcvmd LsJfcoC 
the  submerged  box  varied  frcoa  30-1/4  pounds  for  the  3.0  £&uh  box  to  32-1/4  pownds 
for  the  1.0  foot  box.  Two  parallel  wire  resistance  elements  were  used,  «uA  Sweated 
as  in  Care  1. 

3.  The  box  used  in  Case  1,  fitted  with  two  snail,  lightweight,  octal  rasasca  on 
.Jhe  bottom,  was  allowed  to  slid*  down  an  inclined  natal  plats  with  slopes  rasgtng 

from  vertioal  to  1*2.4  (22.7°),  see  Table  II.  It  was  found  that  a slope  of  24 JZ 
degrees  was  the  flattest  that  the  box  would  3lids  down  in  a uniform  Manner.  Th* 
net  submerged  weight  of  the  box  wae  20^  pounds  and  the  water  depth  ass  beta sea. 

1.45  feat  and  1.48  feat.  The  highest  point  of  the  box  at  its  Initial  ponitisawas 
at  xero  submergence.  Two  parallel  wire  resistance  elements  war*  used,  nm  located 
as  in  Case  1 and  Case  2 (Figure  la). 

4.  A lead  plate  3 /1 8 inch  thick  by  6 inches  long,  extruding  the  width  of  th* 
ohannel  was  allowed  to  drop  in  water  0.14  foot,  0.24  foot  and  0.58  foot  deep 
2nd  froa  two  or  nor*  depths  of  submsrgene*  for  each  condi tins  (a&l*  Hi),  raw 
net  submerged  weight  of  the  lead  plate  was  sj  pounds.  Have  swasurmMats  war*  wad* 
by  a series  of  four  parallel  wire  resistance  element#  located  at  1.02  foot 
(Station  1),  10.98  feet  (Station  2),  23.82  feet  (Station  3)  and  38.40  fhefe  feta- 
tion 4)  froa  th#  center  of  th#  submerged  body  (Figure  lo).  Exes*  t**t»  mare 
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performed  in  & wavs  channel  similar  to  the  one  used  in  the  oStor  tests. 

Previous  tost*  with  tho  parallel  wire  reeistanoe  elaneata  indicatod  that 
under  laboratory  condition*  those  recorders  could  determine  were  height  with  a 
probable  error  of  plus  or  minus  5 percent  (MQllSQa,  R.J.  1MB). 

In  all  oases  the  box  was  held  in  plaot  by  a cord  and  after  the  surface  of 
tho  water  had  quieted  the  cord  was  out,  allowing  the  body  to  fall,  or  slide  freely. 

JL  sloping  beach-  was  Icoated  at  one  end  of  the  channel  which,  effectively  absorbed 
the  waves.  However,  waves  were  reflected  from  the  opposite  end  of  the  channel  in  the 
tests  involving  the  vertically  falling  body.  The  reflected  eases  arrived  after  the 
initial  disturbance  had  completely  parsed  the  recording  ole—gfcs  and  so  presented 
no  problem)  in  foot,  it  gave  an  oppoitunity  to  illustrate  the  dispersive  qualities 
of  the  p he  nans  non. 

Results  and  Discussion. 

Vertically  Failing  Body  of  Constant  Slzst  The  staples*  case  studied  was 
that  of  a box  falling  freely  in  a vertical  direction.  The  variables  were  water 
depth,  initial  depth  of  putaisr  genes,  and  the  weight,  in  water,  of  the  box.  The 
results  are  presented  in  Table  I. 

In  Figure  2 «u"j  shown  examples  of  the  surfaoe  time  histories  of  the  waves 
generated  under  conditions  of  oonstant  water  depth  (1  >50  feet  and  sero  submer- 
gence (the  top  of  the  box.  barely  under  the  water  surfaoe),  bat  with  varying 
weights  of  boxes.  It  can  be  seen  that  the  initial  dieturbaene  was  a crest,  fol- 
lowed by  a trough  and  then  another  erect.  This  was  also  tree  for  all  the  exper- 
iments vhich  were  conducted.  By  the  time  the  disturbance  reached  Station  2 
(4.82  feet  from  the  leading  edge  of  the  body)  several  waves  bad  formed  due  to 
dispersion.  In  Figure  3 are  shown  examples  of  the  surfaoe  tine  histories  of 
the  waves  generated)  (l)  in. water  of  oonstant  d*pth„  but  wifih  the  initial  subxsr- 
genoe  depth  of  the  body  varyjjig^  and  (2)  with  sero  initial  sedasrgenoe,  but  with 
.varying  wat»gr  depths  r* 
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The  most  interesting  oharaotariatis  of  the  waves  ia  their  oonaistant 
"period"  (aee  Table  l).  At  Station  1 the  tdsw*  latarral  between  no  disturbance 
and  the  first  oreat  varied  between  0*2  eadl  Oui>'  seoonds,  with  the  average 
being  0.25  aeoonds.  The  tine  interval  between  the  first  ana  osoond  crest 
varied  between  0.46  and  1.0  seconds,  with  the  average  being  0<77  seoonds.  At 
Station  2 the  tine  interval  between  no  disturbance  and  the  first  orest  varied 
between  0.4  and  0,75  with  the  average  being  0.67  seoonds,  and  the  tine  interval 
between  the  first  and  saoond  arerte  varied  between  1.1  and  1.26  aeoonds,  with 
the  average  being  1.18  seoonds.  Within  ifc»  Units  of  ucouracy  of  the  measurwaants 
end  within  the  range  of  experimental  condition*,  it  appears  that  the  period  of 
the  waves  in  independent  of  the  water  depth,  the  initial  depth  of  subaergenoe  of 
the  body  and  the  weight  of  'the  body. 

In  Figure  4 are  presented  the  relationship*  among  body  weight,  water  depth, 
submergence,  and  wave  amplitude.  It  can.  be  seen  that  the  greater  the  body  weight, 
the  higher  the  wave  amplitude  for  the  sens  values  of  depth  end  of  submergence. 

The  effeot  of  depth  of  submergonoe  is  Jfart  a*  apparent,  with  the  greater  the  sub- 
mergence the  lower  the  wavs  amplitude.  far  the  same  values  of  body  weight  and 
water  depth*  However  the'" relationship  between  water  depth  and  wave  amplitude  ia 
not  entirely  consistent.  The  effects  of  varying  body  weights  and  varying  depths 
of  submergence  were  large  effects,  whereas  the  effeot  of  water  depth  was  rela- 
tively small,  within  the  range  of  experixsetal  conditions.  In  addition,  the  sur- 
face of  the  water  usually  broke  above  the  body  as  it  started  to  fall  frees  its  po- 
sition of  Initial  sera  subsergsnoe,  whersee  the  water  surface  did  not  break  for 
the  0.60  foot  submergence.  The  amplitudes  of  the  waves  which  reformed  thus  were 
dependent  upon  the  amount  of  mnmrre-  ln«*  ir.  brs-kin-  £2  well  as  upon  tli*  other 


coalition*.  By  the  time  the  waves  had  reached  Station  2 the  effeot  of  breaking 
had  nearly  disappeared.  It  cam  be  sees  that  tbs  amplitude  of  the  waves  decreased 
with  decreasing  water  depth  for  given  value*  of  initial  submrgenoe  end  body  weight. 
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In  Vigors  5 are  gcnawofcad.  the  relationships  between  amplitudes  of  the 
first  crests  and  troogw  ana. the  aaoond  crests,  at  Stations  1 and  2.  In  addition, 
th«  correlation  of  fee  aayfritnde  of  tha  first  trough  at  Station  1 with  tha  ampli- 
tude of  tha  first  troajjhafe  Station  2 is  shown.  With  tha  exception  of  tha  rela- 
tion? nip  between  the  a«U£ada  of  tha  first  orast  and  the  first  trough  at  Station  1, 
thars  was  apparently  n»  affect  of  initial  depth  of  sutanergenoe,  and  in  no  case  was 
tharo  an  apparent  afCsst  af  watar  dapth  or  body  weight. 

In  aiidj-tina  to  tta  safn  body  of  teats,  two  additional  runs  war*  mads.  On* 
was  to  determine  tha  trrPrrr  tins  history  over  tha  oantar  of  tha  falling  body. 

It  was  found  that  at  -Skis  point  a trough  ooourrad  first,  followsd  by  a orast  of 
approximately  tbw  a— a astaitnda.  following  th*  orast,  tha  surfaoe  pxpidly  ra stated 
its  etill-watar  poeUKon.  Ibis  tended  to  confirm  the  expectations  that  tha  dis- 
turbance *s  xwasnrad*.  abort  distance  frea  tha  aouroa,  waa  caused  by  tha  bottaa 
of  the  body  pushing  watar  cat,  and  tha  watar  hawing  to  nova  in  over  tha  box  aa  it 
falls.  The  - eooed  tswt  was  made  with  and*  mounted  on  tha  body  so  that  whan  tha 
body  rested  an  ISm  tieffems  the  ends  extended  tip  -through  tha  watar  surfaoe.  In  this 
oasa  an  fintireiy  digaornfc  type  of  wave  was  generated,  which  consisted  of  a single 
orast  followed  by  a adh^Le  trough*  This  wave  traveled  as  an  entity  down  tha  chan- 
nel and  did  not  dispace*  into  several  waves  as  was  the  case  of  the  main  body  of 
tests. 

Vertically  valiant  jfcedlae -of  Different  Lengths  % In  Figure  6a  are  shown  the 
surfaoe  tine  histories  at  the  waves  passing  Station  1 for  body  lengths  of  0.6,  1.0, 
2.0  and  3.0  feet.  Ike  tat  suimarged  body  weight,  the  watar  depth,  and  th*  initial 
dapth  of  sobwsrgmo*  was*  approximately  the  same  for  all  lengths.  In  Figure  6b 
are  shown  to*  relatLonfelpB  between  body  length  and  "period"  between  no  disturbance 
and  the  first  crash,  sad  between  th*  first  and  second  orests,  for  Stations  1 and  2. 
Within  tha  range  of  *fgacfa*atal  oonditions,  tha  initial  period  changed  but 


iHgdfcly  with  inoroaslng  body  length,  while  the  period  ne&sured  between  the 


first  iso  create  increased  considerably  with  increasing  body  length. 


Jb  is  interesting  to  note  that  if  the' curve  for  in  figure  6 is  extra- 


polated to  a far  "x eater  degree  than  is  prudent,  one  sees  that  a disturbance 


a f ear  thoaaand  feat  in  length  would  produce  waves  with  an  initial  period  of  the 


order  e£  from  ten  to  fifteen  minutes. 


gliding  Down  Inclines » In  Figure  7a  are  shown  examples  of  the  surface 


tine  histories  of  the  waves  passing  Station  1 which  were  generated  by  a body  eliding 


hotel  inollass  with  slopes  from  24.2  to  90  degrees.  In  all  oases  the  body  else  and 


weight,  tbs  water  depth,  and  the  initial  depth  of  submergence  were  kept  constant. 


The  date-  ou  amplitude  and  pariod  are  shown  in  Figure  7b  (see  also  Table  II).  It 


oan  by  mamn  that  the  period  is  related  to  inolina  slope L with  the  smaller  the 


slope  the  greater  the  period.  The  period  between  no  disturbance  and  the  first 


nr  set  fo  not  nearly  as  sensitive  to  slope  as  the 


•n  the  first  two 


oreste.  See  amplitudes  of  the  Initial  orests  and  troughs  ere  smallest  for  the 


flattest  slopes,  increasing  rapidly  with  increasing  slops  for  the  flatter  slopes 


and  becoming  asymptotic  to  some  maximum  value  as  the  slope  approaches  the  ver- 


tical* JXso  shown  are  the  relationships  between  the  ratio  of  the  amplitude  of 


tin  inKSyl  trough  to  the  initial  orast  and  the  incline  slope  for  Stations  1 and  2. 


tlthemgfr  there  is  considerable  scatter,  it  is  evident  that  the  ratio  of  the  amp- 


litudes of  the  initial  trough®  to  the  initial  orests  inoreases  with  increasing 


stairpmses  at  the  incline. 


Da  Figure  8 are  presented  some  data  from  the  earlier  aeries  of  tests*. 


Series  X (see  Table  III),  on  the  effect  of  initial  depth  of  submergence  end  net 


body  weight  oa  waves  generated  by  the  body  sliding  down  an  incline  of  48  degrees 


in  meter  2.5  feet  deep.  The  relationships  between  amplitudes  of  initial  troughs. 


orests  ssd  second  orests  are  more  complex  than  was  the  oase  for  the  vertically 


i 
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falling  body.  This  is  undarstaadabl®,  corn! daring  the  relationship  betsrrva  am- 
plitudes ax  Stations  1 and  2 for  the  vertically  falling  bodies,  i.e.,  the  cfftot*  S 
due  to  dispersion,  of  travel  distance*  In  these  earlier  testa,  the  -save  recap* 
ders  were  mountsd  at  fixed  distances  from  the  intersection  of  the  still-water 
line  and  the  incline.  Hence,  for  the  different  initial  depths  of  subaergense,,  it* 
distance**  changed  (as  measured  from  th®  edge  of  the  body  at  the  start  of  tfe*  elide 
to  the  wave  recorders  at  Station  A and  B). 

In  Figure  9 are  presented  the  correlations  between  the  amplitudes  of  Initial 
trouts  and  the  initial  and  second  crests,  as  well  as  the  oorrelati.cn  between 
amplitudes  of  the  initial  troughs  at  Stations  A and  B. 

Ihe  periods  (Table  III)  were  not  as  consistent  as  those  of  the  vertically 
falling  body;  however,  a plot  on  statistical  paper  showed  the  scatter  about  the 
* mean  values  to  be  due  to  normal  error. 

The  limiting  oase  of  a body  sliding  down  an  incline  night  be  that  of  a 

I 

hydrofoil  moving  with  constant  velocity.  Studies  of  this  problem,  by  XAXTOQB 
(1954)  have  shown  that  a single  wave  is  farmed  which  remains  above  the  hydro- 
foil. 

Diape rsiont  The  waves  formed  by  the  vertically  falling  and  by  th* 

sliding  bodies  were  not  "long  waves";  that  is,  their  velocities  were  dependent 
upon  wave  length,  as  well  as  upon  water  depth.  These  waves,  once  they  had  traveled 
a short  distance  from  the  origin  of  the  disturbance,  exhibited  characteristic*  of  ] 
the  Cauohy-Poisson  waves,  TJHC&I,  3.  and  HAXA50,  M.  (1955).  In  order  to  show  the 
effect  of  travel  distance,  the  disturbance  was  allowed  to  travel  the  length  of 
the  wave  channel,  reflect,  and  travel  bach  again.  As  can  be  seen  in  Figure  30a 
and  Table  17,  the  initial  disturbance  dispersed  into  at  least  twenty-four  re- 
cognisable waves,  the  periods  of  which  progressively  shortened  from  a for 

the  first  wave  to  a minimum  for  the  last  wave. 
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The  height  of  the  body  used  in  the  deeper  water  praoluded  Its  w®  in 
shallower  water.  In  order  to  study  the  phenomena  in  shallow  water,  a lead  plate 
of  nearly  the  same  plan  dimensions  as  the  body  used  in  Runs  4-10  (Sarlas  n),  but 
only  3/l8  inoh  thick  was  dropped  vertically  in  water  0.36,  0.24  and  0.14  foot  in 
depth.  In  Figure  10b  are  shown  the  experimental  set-up  and  the  surfaoe  time 
histories  at  four  stations  for  an  initial  zero  submergence  in  the  three  depths  of 
water.  The  data  from  the  tests  are  presented  in  Table  7.  It  can  be  seen  that  the 
periods  of  waves  r<  gained  constant  for  the  throe  water  depths  at  each  station,  but 
that  they  increased  with  increasing  distanoe  from  the  origin;  hence,  apparently 
dispersion  was  still  present  to  some  extent.  However,  the  velooity  of  wav*  orest 

% 

propagation  oompared  very  well  with  the  theoretical  velooity  as  given  by  the 
equation  for  "long  waves9  ( J gd,  where  g is  the  gravitational  oawtast  and.  d is 
* the  water  depth). 

Frm.  an  examination  of  the  surfaoe  time  histories  and  the  phaa*  velooity  of 

w 

the  initial  crests,  it  is  thought  that  the  first  wave  was  one  of  the  "Airy*  type 
and  that  the  following  waves  were  dispersive.  This  seems  to  be  especially  true  * 
for  the  wave  formed  in  the  shallowest  water  (0.14  foot)  as  it  can  be  seen  to  be 
deforming  with  increasing  distance  from  the  origin.  This  conforms  with  the  pre- 
diction of  HR3ELL  (1953)  as  the  parameter  $&£/ 2d®)  is  in  the  neighborhood  of 
thirty  and  hanoe  it  is  not  possible  for  a solitary  wavs  to  exist. 

Dimensional  Analysis  i In  many  studies  of  this  nature  it  is  valuable  to 
utilize  dimensional  analysis  to  organize  the  variables  into  the  smallest;  possible 
number  of  significant  groups  of  parameters.  Use  of  BUCKINGHAM ’s  (1915)  U the  ora* 
is  the  usual  means  of  obtaining  this  end.  By  use  of  this  theorem,  it  i*  possible 
to  group  variables  of  m dimensional  units  into  n-m  uiBnaoioulasa  U tanas. 

Several  different  groupings  can  be  obtained,  depending  upon  which  Initial  com- 
bination is  chosen  from  which  to  develop  the  II  terms. 


XX 


The  variables  in  tha  problem  of  the  vertically  falling  body  are  t be 
water  depth,  dj  ware  period,  Tj  wave  height,  Hj  body  lengta,  l j body 
height,,  hj  depth  of  submergence,  s (as  measured  froa  -the  still-water  level 
to  tho  top  of  the  bodjJj  horixontal  distanoe  front  the  body  edge  to  the  point  of 
wre  measurement,  x;  water  density,  p*t  body  deneity,  ph t vieeosity,  fi  j 
and  gravitational  constant,  g.  Two  sets  of  dimensionless  parameters  were  de~ 
▼eloped.  Ctae  set  was  developed  using  ,Qb>  s and  d,  ami  the  eeoond  set  was  de- 
veloped using  p^t  g and  T as  the  primary  variables.  The  two  sots  of  II  terms 
are  as  follows t 


n^vg/S  t 

B*  Hj.  = d/gj2 

n2=H/d 

n 2=2^ 

n3=i/d 

n5  = i/*^ 

n4  = h/d 

EU  = h/gJ? 

n5=  s/d 

II5  = x/gT2 

n6  = x/d 

= Vie*2 

n7=/V  /P  b 

G7=ft/Pb 

-/gd" 

n 8 = P-/pb^ 

An  analysis  of  this  sort  is  particularly  valuable  if  it  is  found  that 
oart&in  of  the  parameters  are  of  little  importance.  For  example,  within  the 
range  of  experimental  conditions,  it  is  probable  that  tbs  parameter  containing 
viioosity  nan  be  neglected.  Various  combinations  of  the  dimensionless  para- 
meters were  plotted  to  determine  whether  oertain  of  the  other  parameters  could 
be  neglected.  It  was  found  that  they  could  not.  m addition,  it  is  known  that 
oertain  of  the  parameter e are  related  in  such  a manner  that  it  is  not  poseibla 
in  all  oaooa  to  hold  all  but  one  constant  in  order  to  determine  the  individual 
affects.  For  example,  the  parameter  u/d  depends  upon  Vg/d  T as  well  ae  x/d. 
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Ihe  •elution  is  oven  more  soapllcahad  for  the  oaae  of  a body  sliding  ! 

down  an  incline.  j 

Energy*  Another  approach,  and  «s»  which  proved  more  fruitful,  was  to 
oonsider  the  energy  of  the  waves  wfaJLdiwesre  generated  ae  ocsnpared  with  the  initial 
potential  energy  (net,  submerged)  ct  £J*s  body,  Th6  potential  energy  (net,  sub- 
merged) is  the  product  of  the  net  wwi^rt,  submerged,  of  the  body,  and  tne  water 

\ 

depth  less  the  height  of  the  body  (ft>6  inch).  I 

An  approximation  of  the  energy  contained  in  the  waves  was  obtained,  using 
the  equation  for  the  energy  per  wave  length  of  a periodic  trwin  of  waves  of 
uniform  sat  11  amplitude* 

8 = wLE Z/B  = fl&wT  (la) 

-where  g is  the  gravitational  constant,  w la  the  unit  weight  of  water,  H is  the 
wave  height  (as  measured  from  trough  to  crest),  L is  the  wave  length,  and  T is 
the  wave  period*  In  thd'oase  of  a disturbance  of  the  sort  being  studied,  this 
equation  gives  only  an  approximate  MMr.  As  the  disturbance  was  found  to  be 
dispersive,  it  was  most  convenient  to  compute  the  energy  from  measurements  clone 
to  the  origin  (Station  1)  where  the  tote!  energy  was  nearly  concentrated  in  one 
wave.  Thus  the  energy  of  the  wave  disturbance  was  considered  to  be  given  by* 

B - gr  (Hj+Hj)?  (lb) 

The  results  are  shown  in  ^igxrw  12,  excepting  the  few  results  of  very 
low  energy  (order  of  magnitude  of  Jams  ttea  10"®  ft-lbs).  It  onn  be  seen  that 
the  energy  of  Hie  waves  correlate#  ntiMr  well  with  the  initial  potential 
energy  (net,  submerged)  of  the  body*  Sffiiirt  the  band  of  results,  it  oan  be 
seen  that  two  general  trends  exist*  1)  for  water  of  constant  depth,  oho  less 
the  initial  submergence  the  greater  tha  energy  of  the  waves  for  a given  initial 
potential  energy  of  the  body?  2)  far  ooostent  initial  depth  of  submergence,  the 
smaller  the  water  depth  the  greater  the  percentage  of  energy  transformed  into  wave 
energy*  In  addition,  it  oan  be  sees,  that  the  amount  of  energy  of  the  wave  J 

I 

l 

I ...  I 
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disturbanoe  is  of  fin  ardor  of  magnitude  of  ons  percent  -of  th»  initial  po- 
tential energy  (not,  submerged)  of  the  vertically  falling  body. 

Conolusions 

In  general  it  ess  found  that,  within  the  range  of  experimental  conditions, 
dispersive  waves  were  generated  by  a body  either  falling  vertically  or  sliding 
down  an  incline*  in  exception  was  -the  oase  of  a flat  plate  falling  in  quite 
shallow  water  (0*1  te  0*2  foot)  in  shioh  an  "Airy*  type  of  wave  was  generated, 
together  with  dispersive  waves  forming  the  tail*  Surface  time  histories  of  the 
disturbance  measured  a abort  distance  from  the  source  showed  that  a orest  always 
formed  first,  followed  by  a trough  from  ons  to  three  times  the  amplitude  of  the 
first  orest  (depending  upon  the  slope  of  the  incline  primarily),  followed 
by  a orest  with  about  the  same  amplitude  as  the  trough*  Due  to  the  dispersive 
qualities  of  the  usees,  additional  oreets  and  troughs  continued  to  fora  with 
increasing  distance  frost  the  origin,  while  at  the  same  time  the  amplitudes  of 
the  Initial  orests  and  trough  decreased. 

The  magnitudes  of  the  amplitudes  depended  primarily  upon  the  submerged 
weight  of  the  body,  bat  also  upon  the  depth  of  submergence,  the  water  depth  and 
other  oharaoterietles  of  the  generation* 

The  "period  associated  with  the  gravity  water  waves  of  the  distur- 
bance was  found  to  be  Independent  of  water  depth,  initial  depth  of  submergence, 
weight  of  the  body,  or  time  of  the  fall*  It  was,  however,  found  to  be  related 
to  the  length  of  the  body,  with  the  period  increasing  with  increasing  length, 
and  to  the  slope  of  the  incline,  with  the  smaller  the  incline,  the  greater 
the  period* 

nw  »if  tth  trinmiri  mm+.m  hrtjywr  rtf  Vhm  wihwth  Ai  irfrn WKi *****  •awawa-^aA 

by  the  vertically  falling  body  indicated  that  about  one  percent  of  the  initial 

potential  energy  (ns^  submerged)  of  the  body  was  transformed  into  wave  energy. 
Within  the  band  of  result*  it  was  sssn  that  for  watsr  of  constant  depth,  the 
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loss  the  initial  dapth  of  submergence  of  tha  body,  tho  greater  the 
parosatage  of  energy  transformed  into  way®  energy;  and  for  constant  iair 
ti«l. depth  of . subaar genes,  the  saallar  the  water  depth  the  greater  the  per- 
centage of  oner gy  transformed  into  wave  energy. 

When  the  body  m modified  by  adding  ends  to  it,  an  entirely  different 
type  of  wave  mas  generated.  It  did  not  appear  to  be  dlsperslrs,  but  rather  con- 
sisted of  a single  oreet  fo Homed  by  a single  trough. 

It  is  interesting  to  note  that  the  ourves  showing  the  correlation  between 
the  length  of  the  body  and  the  Initial  poriod  of  the  waves,  whoa  extrapolated 
considerably,  India  ate  that  an  underwater  disturbance  of  the  order  of  a few  thousand 
feet  in  length  would  generate  waves  with  an  initial  period  of  the  order  of  tea 
to  fifteen  ainntee.  Because  of  the  great  length  of  auoh  a wave,  it  oould  travel 
a considerable  distance  without  being  aff  acted  greatly  by  its  dispersive  quali- 
ties, because  it  would  bo  traveling  a short  distance  as  measured  in  weve  lengths. 

Da  fact,  it  would  have  the  general  appearance  of  the  Tsunamis  observed  in  nature. 


The  author  withes  to  thank  H.  A.  5 ins te in  and  RJL.  Vuoha  for  their 
suggestions  during  tha  course  of  tho  experiment,  F.  A.  Sauer  for  his 
collaboration  during  the  tests  of  Series  I,  and  H.  Lincoln,  for  preparing  the 
illustrations. 
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Period  T seo.  .75  . 70  .55  . 85  . 80  . 60  . 60  . 55  . 35  . 55  . 65 
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